Partial discharge (PD) measurements are an effective tool for insulation assessment of high-voltage (HV) equipment widely used in both HV laboratories and in field tests. This paper presents the design of a test platform for electrical detection of partial discharges that contribute to the understanding of the phenomena. The test set-up comprises a collection of electrodes for the production of artificial PD sources frequently found in HV equipment, such as positive corona, negative corona, surface discharges, internal discharges, floating component and free moving particle. The test set-up has been designed in such a way that the gaps and clearances can be adjusted to modify the discharge characteristics, e.g. the discharge inception voltage, amplitude, repetition rate, etc. Besides, the platform has a symmetrical and radial arrangement of the PD sources around the coupling capacitor of the PD measuring systems with contribute to reduce the effect of the measuring circuit on the measurements.
Introduction
Partial discharge (PD) measurement is a well-known diagnostic test for the dielectric insulation of HV equipment. Electrical detection of PD pulses is the most important and by far the most used method both in industrial and in laboratory tests. In addition to the conventional electrical methods as defined by standard IEC270 [1] , currently the unconventional methods, understood as those with bandwidths lying on hundreds of MHz capable of resolve the waveform of the pulses, are becoming more and more predominant for testing cables, gas insulated systems and rotating machines [2] [3] [4] [5] . One of challenges with the electrical detection is that a PD event itself cannot be measured directly but only the response of a measuring circuit after the PD event. In unconventional PD measuring systems, this response, i.e. the PD pulse waveform, is affected not only by the physics of the discharge but also by the interaction among the test object, the measuring circuit and the PD event. Consequently, PD parameters computed from the pulse waveform by different users and instruments might be incomparable.
As pointed out in [6] , if properly measured, a PD pulse should be unipolar and non-oscillatory. However, If the test object has inductance as well as capacitance (e.g. a stator winding), then the PD pulse will create an oscillating response. Commonly, literature omits very deep details of the measuring circuit and readers are then prone to not to notice that even the connections and cables of measuring circuit affects the results. For instance, long lengths of cables in the circuit can add large ground inductances which produce an oscillatory response that affects the sensitivity [7] and the charge estimation [8] of the pulses.
In this paper, we present a design for an unconventional partial discharge test platform that contributes to minimize the aforementioned effects of the measuring circuit. This platform comprises several electrodes and a software tool to study different artificial PD sources representative of the most relevant insulation defects. It will be highlighted that the characteristics of the set-up contribute to control the circuit parameters, thus contributing to the repeatability and consistency of the measurements. Dimensions and details of the easy-to-build electrodes, a collection of phaseresolved PD patters (PRPD) as well as an introduction to the performance of clustering techniques to separate and recognize PD sources are provided to the user as a reference guide, that joins others efforts for a better learning of the PD phenomena [9, 10] . 
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Set-up description
A detailed scheme of the PD test platform is depicted in Fig. 1 . The set-up comprises a high-voltage transformer, a blocking inductor, an arrangement of electrodes for different types of PD sources, a high frequency current transformer HFCT-type PD sensor, a highvoltage divider, a synchronization unit and an oscilloscope Tektronix DPO7354C.
High-voltage transformer supply
This set-up has been designed in such a way that the discharge inception voltage (DIV) is below 10 kV for any of the PD sources. In this way, a HV supply with proper ratings can be found in most cases. Due to the small currents, medium voltage instrument transformers can be used to energize the set-up. The highvoltage transformer is supplied from a regulating autotransformer via a safety box that includes a fence interlock, voltage and current trips. This transformer is located within a faraday cage (see square area D in Fig. 1a) .
A blocking inductor is placed between the high-voltage transformer and the electrode arrangement to block possible discharges from the transformer and to increase the sensitivity of the set-up. The blocking inductor is a ten turns coil with a TDK N30 magnetic core.
Artificial PD sources
Several electrodes were built to create artificial PD sources such as positive corona, negative corona, surface discharges, internal discharges, floating electrode and free moving particle and they are located between the ground and high-voltage plates as illustrated within the square area A in Fig. 1a . The electrodes were designed using some of the ideas from [11] [12] [13] . Each source can be mounted and dismounted permitting to test single or multiple sources.
Each PD source shares the series of the two 2 nF capacitors as coupling capacitor in the center, as shown in Fig. 2 . The two upper plates are connected to the high-voltage lead of the transformer and the bottom plate is the ground electrode, so anything connected to it will be earthed. Besides, the plates were given rounded profiles to avoid high electric field concentration. The height between the plates is 385 mm but it can be adjusted if needed by the nuts of the three nylon bolts serving as mechanical supports. The overall dimension of the set-up is 500 mm radius and 700 mm height. The scheme and picture of each PD source, including dimensions are shown in Figs. 3-5. As can be noted, the electrodes (PD sources) are placed symmetrically and radially to the coupling capacitor. The radius is 16 cm. This arrangement provides physical and electrical symmetry of the circuit and the same current loop size for all the PD sources; this directly implies smaller current loops and therefore smaller inductances and higher cut-off frequencies. This arrangement also reduces the laboratory space dedicated to the set-up.
A particular characteristic of the set-up is that the dielectric clearances or gaps marked as d and h for each PD source can be adjusted as needed. For example, the needle length in the electrode of Fig. 3 can be adjusted to change the parameters of the discharge, including the discharge inception voltage. In the electrode of Fig. 4 , the weight of the free moving particle affects the occurrence of discharges. For a given weight of the particle, the gap should be adjusted: if too short, the electric field can be so high that the particle will jump out of the electrode, if too long, the particle might not move at all.
It is noteworthy that in this paper positive or negative corona only refers to the electrode to which the needle is connected to, and not the polarity of the recorded pulses, e.g. for positive corona the needle is connected to the high-voltage electrode [14] .
PD sensor
The test platform incorporates a high frequency current transformer (HFCT) for sensing the current of the PD pulses that is located within the connection box shown in square area B in Figs. 1a and 2. This HFCT consists of five turns wound onto a TDK N30 ferrite-core and terminated into 50 O resistor at the oscilloscope. Each turn was made of a flat copper strip 3 mm wide, taking care of having the turns evenly distributed along the core. Stray capacitances are reduced by using this configuration. The lower cut-off frequency at which the bandpass value of 9.416 mV/mA has fallen by 3 dB is 34.4 kHz, as highlighted in Fig. 6 . As can be noted, the measurement of the upper cut-off frequency was hindered as the frequency reaches values over a few tens of MHz. At such high frequencies, the effect of resonances, stray capacitances and inductances in the straightforward measuring scheme implemented have a strong effect.
Alternatively, a calibration pulse was compared as recorded by the oscilloscope with a 500 MHz bandwidth and by the PD set-up. In the first case, a 1000 pC pulse was injected directly to the oscilloscope 50 O input and in the second case the pulse was injected between the ground and high-voltage plates of the PD set-up. From the comparison of the frequency spectra in Fig. 7 , the upper cut-off frequency of the PD set-up was estimated at 60 MHz.
Although the fast calibration pulse is unipolar (as recorded by the oscilloscope), the interaction with the PD set-up produces an oscillation. Nevertheless, the bandwidth of the PD set-up is suitable for charge estimation methods and clustering techniques based on frequency spectrum analysis or time-domain calculations [15, 16] .
The polarity of the pulse at the output of the sensor depends on the direction of the current pulse flowing through the sensor core. Particularly, the current direction was chosen in such a way that for the positive corona type PD pulses, the recorded pulses will have negative polarity in the negative half cycle for consistency with the results reported in literature [14, 17] .
The performance of the PD set-up was tested by mean of the computation of errors in the charge estimation. To do so, calibrator pulses of different charge magnitude ranging from 10 pC to 5000 pC (500 pulses of each magnitude) were injected between the high-voltage and ground plates by using a Tettex Instruments calibrator. When injecting the calibration pulse, the capacitance of any of the PD sources is in the range of tens of picofarads therefore most of the current will flow through the 1 nF coupling capacitor to the sensor. Thus, the effect of having any of the PD sources connected during calibration is negligible.
The true charge of the calibrator pulses was calculated by injecting directly the pulses into the oscilloscope 50 O input and the solving the time integral of the current pulse [1, 16] . The charge as estimated by the PD set-up was achieved following the IEC270 method. Nevertheless, other charge estimation algorithms can be used as the ones found in [8] .
All the results are summarized in Table 1 . As can be seen, the maximum error achieved by the PD set-up was around 9%.
High-voltage divider
A capacitive voltage divider is incorporated to measure the applied voltage, see Fig. 1b . The primary of the divider is the series of two 2 nF capacitors. These capacitors are TDK ceramic capacitors rated for 40 kV (DC) and tested PD free up to 15 kV (AC). The secondary of the divider, located within the connection box shown in Fig. 2 is formed by several series and parallel capacitors that offer attenuation ratios of 1/1000 and 1/10,000. The output of the divider can be directly connected to a high impedance voltmeter for easy reading of the applied voltage.
Synchronization unit
The PD pulse phase is acquired from the circuit shown in the signal is triggered by a positive zero crossing point of the applied voltage, then the period of the sawtooth signal is the same as the period of the applied voltage. The slope of the ramp is steady through all of the period with an amplitude DV = 4.54 V. When a PD event occurs, the oscilloscope records the PD signal and the values of the sawtooth signal at that instant. As depicted in Fig. 8 , the phase of a PD pulse is proportional to the ramp voltage magnitude at which the PD pulse occurred. The trigger of the ramp by the zero crossing point of applied voltage enables to conduct tests with different frequencies of the test voltage. The circuit also includes a phase shift unit that compensates the phase delay of the voltage divider and the electronics, and it is tuned manually to minimum error.
Oscilloscope
A high performance oscilloscope Tektronix DPO7354C with 8 bits of vertical resolution. For the measurements here reported, a sampling frequency of 2.5 GS/s was used. After an acquisition, the time stamp data is saved to a txt file, and the PD pulses and the synchronization signal to a wfm file. A GUI-based software tool was developed to read the oscilloscope files and process the data off-line. This includes the computation of several clustering techniques and PRPD patters.
Background noise
As can be seen from Fig. 1a , the main set-up is located in a Faraday cage to reduce the background noise and external interferences. Before the utilization of the set-up, all the PD sources are disconnected and then the set-up is energized to check the background noise and external interferences displayed by the oscilloscope. For the particular case of the HV Laboratory of TU Delft, setting the window trigger level of the oscilloscope to above ±2.5 mV prevented the acquisition from being triggered by noise signals but by the PD pulse signals. The sensitivity of the test platform is around 1 pC. Besides, the set-up was proven to be PD free up to the maximum test voltage of 10 kV.
Data acquisition and processing
The data acquisition unit used in this PD test platform is a Tektronix DPO7354C Digital Phosphor Oscilloscope. This oscilloscope was preferred due to its 'Fast Frame Acquisition Mode' which allows to capture all the trigger events as single records (a record is a frame) in a larger record. Therefore, each PD pulse can then be saved and processed individually. The memory management of the oscilloscope defines equal length for each record, e.g. depending on the sampling frequency and the acquisition time. This also means that whatever signal happens in between records is not acquired. Another important feature is that the trigger rearming time is normally below 1 ms, which avoids to miss much PD pulses that arrive narrowly spaced.
The software tool developed by TU Delft reads files and process the data so that the GUI in Fig. 9 is presented to the user. The output of this software tool is a collection of clusters based on the features of the shape of the pulses. Some of the cluster plots that can be computed by the software are the following ones:
(a) AT plot. This plot is the time evolution representation of the current peak of each PD pulse. (b) QT plot. This plot is the time evolution representation of the charge of each PD pulse. (c) TW plot. This is the cluster plot of the equivalent time, T eq , and the equivalent frequency bandwidth, W eq , of each pulse as explained in [18] [19] [20] . (d) t rise t fall plot. This is the cluster plot of the rise time and fall time of each PD pulse. (e) IQE plot. This is the cluster plot of the charge and the energy/ charge ratio of each pulse. This is a novel approach for clustering techniques that is suitable for separation of PD sources and that has proven to be resistant to the effect of noise [15] . (f) FW plot. This is the cluster plot of the frequency at which the peak of the Fourier spectrum occurs and the equivalent bandwidth. (g) AQ plot. This is the cluster plot of the charge and the voltage amplitude of each PD pulse.
PD source Characterization by PRPD patterns
From literature is well-known that single PD sources produced characteristic PRPD patterns, which allow easy recognition of them. These patterns as obtained by the test platform are reported in Figs. 10-12 . All patterns were made of 50,000 PD pulses and have been recorded at 10 kV. The red sinusoidal waveform is displayed only for phase shift reference. Similar patterns were computed for successive tests due to the fixed location of the PD sources on the test platform that contributes to the measurement repeatability.
PD source Characterization by clusters
The test platform provides the option of easily test multiples PD sources which is the most likely case found in HV equipment. When multiple PD sources are active, measurement can result in a rather complex PRPD pattern, not easily matching any of the reference patterns. Therefore, clustering techniques become a necessity and an important tool for PD pattern recognition.
Two cases of multiple PD sources are introduced below as examples of the use of clustering techniques for PD recognition. The first simple example is the combination of surface and floating electrode type PD sources. Fig. 13 shows the PRPD pattern obtained for this combination and Fig. 14 shows the corresponding collection of cluster plots.
Each of the plots in Fig. 14 form clusters that can be better separated and distinguished depending on the PD pulse parameter used. In this case, both PD sources are overlapped in the TW plot (Fig. 14a) , hindering the separation of each source. The t rise t fall plot (Fig. 14b) offers no chance to separate sources since only one cluster is formed from the rise and fall time features of each pulse.
Plots (c) and (d) in Fig. 14 allow to distinguish the surface discharges from the floating electrode discharges as the features of the pulses form non-overlapping clusters. The software provides the user with a tool to select areas in any of the cluster plots. When the square areas in Fig. 14 are selected, the software retrieves the corresponding PRPD pattern. In this example the pattern is similar to that shown in Fig. 11 (left) , so the user can recognize the source as floating electrode discharges.
Other cases as that of Fig. 15 (left) that corresponds to the combination of internal and floating electrode discharges can result in overlapped PRPD patterns. The cluster plots for this combination are shown in Fig. 16 . None of the plots enables a straightforward selection of clusters to distinguish each source. However, if the elliptical area in the TW plot is selected, the result is the PRPD pattern shown in Fig. 15 (right) , which fits well to the pattern for floating electrode discharges as expected.
As can be noted, the aim with the cluster plots is to select those areas that result in PRPD patterns that best fit the reference patterns.
Another tool for the recognition provided by the software tool is the option to compute the clusters individually for both positive and negative discharges. Therefore, in the cluster plots the negative values refer to the parameters computed for negative polarity discharges. In contrast, according to [18] , the TW plot is computed for the absolute magnitude of all (positive and negative) pulses which would lead to only positive values and possibly to more overlapped clusters. This segregation assists in the separation of the PD sources.
Conclusion
The test platform presented in this paper proved to be suitable for research on partial discharge phenomena and for training of students and professionals.
The PRPD patterns shown in Figs. 10-12 validated the design of the constructed electrodes to produce different PD sources. In other words, the patterns obtained for each PD source matched the patterns reported in literature, therefore the test platform performs as expected.
Currently, a wide range of clustering techniques have been developed, tested and used in field tests successfully. However, a factor that hinders comparison or reproducibility of test results is that frequently the effect of measuring circuit is omitted and details of the measuring set-up is not reported. This test platform serves an easy solution to keep constant and minimum the effect of the measuring circuit. The symmetrical and concentric arrangement of the PD sources around the PD coupling capacitor warrants the same circuit parameters for each test and their fixed placement contributes to the repeatability. These features of the test platform are remarkable to assure comparison and reproducibility of test results by other researches. The results also showed that the frequency response of the designed HFCT sensor was suitable to compute the cluster plots shown in Fig. 14 that require to resolve the PD pulses in time for the extraction of PD features.
